I. INTRODUCTION
Recently, the van der Waals complex of H 2 and F Ϫ has received widespread attention due to the studies of Neumark and co-workers. 1 By studying the photoelectron spectra of H 2 -F Ϫ they found that the geometry of the ground electronic state of this complex is close to that of the transition state for the collinear neutral FϩH 2 reaction.
Earlier ab initio computations of the PES for H 2 -F Ϫ had been carried out by Simons and co-workers. 2 Two symmetric minima, corresponding to linear HHF Ϫ structures of the complex, were found. Because hindered rotation of the nearly rigid H 2 moiety occurs, H 2 -F Ϫ is what Nesbitt and Naaman 3 called a ''pinwheel'' complex. However, unlike the cases considered in Ref. 3 , the T-shape structure of H 2 -F Ϫ is a transition state rather than an equilibrium geometry. The results of Simons and co-workers 2 indicated that hindered rotation is strongly coupled to interfragment oscillation of the H 2 -F Ϫ . In this respect, the H 2 F Ϫ complex provides a very relevant example involving two-dimensional ͑2D͒ tunneling. A distinctive feature of this complex is that hydrogen bonding provides potential barriers for hindered rotation that are very high, which produces long progressions of vibrational levels split by tunneling. Because the potential wells are deep and narrow, the nuclear wave functions for low-lying levels are well localized. Hence, at first glance, the concept of a single well defined ''equilibrium molecular structure,'' common in spectroscopy, seems applicable, at least for lowlying levels.
The concept of multidimensional nuclear tunneling attracted much attention in the early 1980s ͑see, for example, reviews in Refs. 4 and 5͒. This concept emphasizes that tunneling in many chemical systems can involve significant displacements along several coordinates ͑along and transverse to the reaction path͒. The transverse coordinates can actively promote ͑for symmetric coupling with the reactions coordinate͒ or suppress ͑for antisymmetric coupling͒ the tunneling. 6 In the coherent tunneling regime treated in Sec. IV, this influence manifests itself in the strong dependence of the tunneling splitting on the quantum numbers of the transverse modes. 7, 8 In addition to the tunneling splitting, the geometry of the transition state also depends on the quantum numbers of the transverse modes.
The essential features of two dimensional coherent tunneling can be elucidated by numerical diagonalization of a Hamiltonian matrix. However, analysis of incoherent tunneling treated in Sec. IV requires approximate semiclassical methods, among which a multidimensional version of the so-called instanton technique is shown to be quite promising. 5 The vibration-rotation-tunneling ͑VRT͒ spectra of many molecules have already been studied both experimentally, ͑H 2 23 However we did not find any earlier experimental or theoretical study of the VRT spectra of the H 2 -F Ϫ complex, which is expected to have substantial tunneling splittings.
In this paper, the H 2 -F Ϫ complex is studied in both the coherent and incoherent regimes for which tunneling dynam-ics is the key feature. Microwave and far-infrared spectra, which commonly provide information on tunneling, are not yet available for this complex, but we hope the results of our calculations may guide experimentalists to these ends. The paper is organized as follows: In Sec. II the ab initio quantum chemical calculations of the PES are described. The topology of the PES is discussed in Sec. III. Section IV is devoted to detailing our procedure for calculating the vibration-rotation-tunneling spectra of H 2 -F Ϫ and its
, and T 2 F Ϫ isotopomers in the coherent regime. In Sec. V, temperature dependent incoherent tunneling is considered, and in Sec. VI we provide an overview of our conclusion.
II. THE AB INITIO POTENTIAL ENERGY SURFACE
We first optimized the geometries of the stable linear H-H-F Ϫ and T-shaped transition state H 2 -F Ϫ structures employing analytical gradients 24 within the GAUSSIAN 92 program 25 with polarized split-valence basis sets ͓6-311ϩ ϩG(2d f ,2pd)͔ at the MP2͑full͒ level. Then, we repeated the geometry optimization at a more sophisticated level of theory; the quadratic configuration interaction with single and double excitations and approximate incorporation of triple excitations 26 ͓QCISD͑T͔͒ method, using the same 6-311ϩϩG(2d f ,2pd) basis sets.
At both levels of theory, the linear structure is found to be a global minimum and the T-structure is found to be a saddle point for the internal rotation of H 2 . Our optimal geometric parameters and harmonic frequencies for these two structures are presented in Table I together with previous data for the linear structure obtained by Simons and co-workers. 2 The MP2͑full͒/6-311ϩϩG(2d f ,2pd) equilibrium geometries are very close to those obtained at the QCISD͑T͒/ 6-311ϩϩG(2d f ,2pd) level and to the CCSD͑T͒ data of Ref. 2. Therefore, the potential energy surface for our subsequent rotation-vibration-tunneling calculations was calculated at the MP2͑full͒/6-311ϩϩG(2d f ,2pd) level. The PES for internal rotation of H 2 -F Ϫ was calculated in the internal coordinates presented in Fig. 1 , where r is the H-H bond length, R is a distance from the F Ϫ to the center of the H-H bond, and is the angle between R and r. Because the H-H bond length (r) changes only slightly from the globalminimum structure to the saddle point, and to reduce the number of internal coordinates from three to two, we optimized r for every R and and the resultant energies were used to build the PES. Energies at the MP2͑full͒/6-311ϩ ϩG(2d f ,2pd) level were calculated for every Rϭ͑2.0, 1. , and 90°͒ except at points where the energy was much higher than the internal rotation barrier's energy. The resultant number of points on the two-dimensional PES was 345 ͑the data are available on request from the authors͒.
III. TOPOLOGY OF THE POTENTIAL ENERGY SURFACE
Our calculations show that the H-H distance r remains nearly constant ͑near r e ϭ0.787 Å͒ throughout the range of and R variation. This fact and the high frequency of the H-H vibration in the H 2 -F Ϫ complex ͑see Table I͒ is used to separate this vibration from the low frequencies describing the relative motions of H 2 with respect to F Ϫ . Because the H 2 rotor is assumed to be ''stiff,'' the potential energy surface ͑PES͒ can be considered as two dimensional VϭV(R,), with R e ϭ2.071 Å corresponding to the equilibrium linear geometry of the complex. Such a PES describes the motion of a semirigid internal H 2 rotor coupled to the low-frequency H 2 -F Ϫ vibration (R). It has minima at ϭ0, and , and a saddle point at ϭ/2 ͑see ͑1͒ it has minima at RϭR e , e ϭ0, ; ͑2͒ it has a saddle point at Rϭ3.099 Å ͓i.e., ϭ(RϪR e )ϭ1.028 Å͔ and ϭ/2; ͑3͒ it should reproduce the barrier height V at the saddle point; ͑4͒ it should reproduce the ab initio vibrational frequencies at the equilibrium and saddle points.
A potential function that satisfies these conditions was constructed as a polynomial in the radial displacement coordinate ϭ(RϪR e ) ͑to facilitate the calculation of matrix elements using the harmonic oscillator basis set͒,
where
and the constants b n , d n , and V n are given in , and DT-F Ϫ the coordinate R as defined in Fig. 1 is no longer appropriate since the geometric center of the internal rigid rotor does not coincide with its center of mass. To preserve the form of the kinetic energy operator in the full Hamiltonian, two new coordinates must be used, one of which is the distance R 1 between the F nucleus and the center of mass of the internal rotor and the other is the angle 1 between R 1 and the rotor's internuclear axis. The old coordinates R, and new coordinates R 1 and 1 are related as follows:
where ␦ is the distance between the center of mass and the geometric center of the internal rotor,
The approximate equalities given above result from expansion in powers of ␦/R. This transformation makes the potential asymmetric with respect to ϭ/2. Its analytical form can be easily derived from Eqs. ͑1͒, with the use of Eqs. ͑2͒. Note that since the distances between the center of mass and the geometric center of internal rotor is much smaller than R, the polynomial form of the potential in R and cos 2 is well preserved.
The methodology for accurate calculation of rovibrational levels of floppy molecules is well developed ͑see Refs. 17-23͒. The Hamiltonian for the three nuclei of a triatomic system is
where " i 2 is the Laplacian for the ith nucleus. A general approach for calculating the rovibration spectrum of the Hamiltonian ͑3͒ has already been developed in connection with H 2 -rare gas van der Waals complexes and atomdiatom scattering ͑see, for example Ref. 27͒. The strategy, due to Eckart, 28 Curtiss et al., 29 and Sutcliffe 30 is to first separate the translational motion from the kinetic energy operator, thus reducing to six the number of active variables. Then one makes an orthogonal transformation from spacefixed to body-fixed coordinates with the matrix of this transformation depending parametrically on three Euler angles ␣, ␤, ␥ that describe the overall rotation of the three-atom complex. 31 Because the potential V is independent of ␣, ␤, and ␥, the Hamiltonian ͑3͒, with the center-of-mass motion removed, assumes the following form ͑the length of the stiff internal rotor is denoted ͒:
where H VR includes the rotational tumbling energy plus the vibration-rotation interaction, both of which depend on three Euler angles ␣, ␤, ␥, and the polar angle of the internal It is clear from Eq. ͑4͒ that although the potential V is two-dimensional, we have to diagonalize a five-dimensional Hamiltonian similar to that previously treated by Nesbitt and Naaman 3 for ''hinge'' and ''pinwheel'' floppy triatomics. The Coriolis coupling between the external ͑␣, ␤, ␥͒ and hindered-internal rotation ͑͒ in H VR is what makes the problem five-dimensional.
The wave function of a state with total angular momentum J and projection onto the space-fixed Z axis M can be written as in Ref. 30 ,
where the D MK J ͑␣,␤,␥͒ are the well known rotation matrix elements, 33 and the P lK ͑cos ͒ are the normalized associated Legendre polynomials. The ⌿ JlK (R) are the vibrational ͑or scattering͒ wave functions for the channel labeled by quantum numbers J,l,k.
For Jϭ0, the wave function ͑5͒ is independent of the Euler angles and the H VR term in Eq. ͑4͒ can be omitted. In this case, numerical diagonalization of the Hamiltonian ͑4͒ was performed using an orthogonal basis of 40 
, the wave function ͑5͒, which has fixed values of J and M , is a sum of three terms having Kϭ0, Ϯ1. The diagonalization required to find the eigenvalues of H has been performed in two steps. First, blocks of the H matrix with KϭKЈϭ0, Ϯ1 were separately diagonalized using basis sets of 40 harmonic oscillator wave functions v͑͒ and 41 associated Legendre polynomials P lK ͑cos ͒ for each K. Subsequently, the resultant approximate wave functions ⌿, each having fixed K, were used as a basis for diagonalization of the total matrix that includes the nondiagonal interaction ͗K͉KЈ͘ detailed in Eq. ͑6b͒. We found that a precision of
10
Ϫ6 cm Ϫ1 is achieved when 20 such basis functions ⌿ for Kϭ0, Ϯ1 are used.
The results of our calculation for Jϭ0 are given in Table  III ͑with energies measured from the minimum of the PES͒. The tunneling doublets for successive n values are approximately spaced by the vibrational quantum along the coordinate. Since the equilibrium configuration of H 2 -F Ϫ is linear, n can be associated with the longitudinal quantum number for small oscillations along the axis of the complex. The tunneling splitting is seen to grow with n from 0.029 
͑ϩ/Ϫ,n,͒ 
͒.
Small oscillations about the minimum along the coordinate correspond to the two transverse doubly degenerate bending modes whose quantum number is denoted , which can only be even for the Jϭ0 case. The lower ͑upper͒ level in each R, tunneling doublet is labeled with a plus ͑minus͒ sign reflecting the wave function's parity with respect to →ϩ. States with Ͼ2 lie near dissociation, and are not included in Table IV. For Jϭ1 ͑Table IV͒, the matrix elements of the Hamiltonian ͑4͒ ͗J,M ,Kϭ0,͉H͉,KЈϭ1,J,M ͘ are much smaller than the diagonal matrix elements, ͓see Eqs. ͑6͔͒, their ratio being roughly proportional to m/mRХ0.02. For this reason, K can be approximately considered as a good quantum number, if Coriolis forces are neglected. Upon the inclusion of Coriolis terms, the KϭϮ1 degeneracy is removed ͑the socalled, K-doubling phenomenon 34 ͒ as is clear from Table IV , where the exact results of diagonalization for Jϭ1 are presented. Note, however, that K-doubling does not affect the tunneling splittings because of the symmetry of the rotation problem under the transformation →ϩ.
Along with the eigenvalues of the Hamiltonian ͑4͒, diagonalization provides us with the wave functions of the system. This allows us to define the transition state of the system in terms of the maximum ͑maxima͒ of the wave function at the dividing line ϭ/2, a definition previously introduced by Shida et al. 35 Obviously, this transition state differs from that suggested by the topology of the PES ͑i.e., the saddle point͒. The results of such an evaluation for the case Jϭ0 are presented in Fig. 3 . The ground state wave function at the dividing line ͓Fig. 3͑a͔͒ peaks at Rϭ2.37 Å, far from the PES saddle point. Increasing the quantum number n of the promoting mode produces additional maxima in the wave function. For nϭ1, the wave function peaks at Rϭ2.57 Å and Rϭ1.97 Å ͓Fig. 3͑b͔͒; the absolute maximum ͑R ϭ2.57 Å͒ shifts towards the saddle point, while the secondary maximum is strongly suppressed because the potential increases sharply for small . , respectively. Because we observed no accidental degeneracies between the levels arising from the wells near ϭ0 and ϭ, there can exist no tunneling splitting, as a result of which there are two independent eigenvalue ladders, one for each well ͑Fig. 4͒. The results of our calculations of the spectra for Jϭ0 are presented in Table V , where the levels are measured from the bottom of the deepest well ͑at ϭ͒.
V. INCOHERENT TUNNELING IN H 2 -F

؊
State specific coherent tunneling and the associated vibration-rotation-tunneling spectra considered above pertain to gas phase conditions. An alternative experimentally realized situation involves an impurity molecule embedded in a chemically inert solid matrix for which interaction with the ''heat bath'' destroys the coherence of tunneling. In such cases, quantum levels in the reactant well acquire widths which give rise to a rate constant for intramolecular rearrangement instead of a tunneling splitting.
Let us consider such incoherent tunneling in H 2 -F Ϫ within a model that assumes that end-over-end rotation of the complex in the solid is frozen. Moreover, the low frequency bending vibrations of the linear complex will be incorporated in the ''bath'' degrees of freedom. The heavy fluorine atom is allowed to oscillate only along the space-fixed axis, R, connecting the F to the center of mass of H 2 . The only rotation that is treated is the nearly free rotation of the small rigid H 2 rotor about the axis of oscillation of the F atom. As a result, three coordinates are required to describe the reaction system. The rate of multidimensional tunneling can be related to the imaginary part of the free energy F of the system,
where Z is the partition function and ␤ϭប/k B T is the inverse temperature. This expression enables one to use the path integral expression for the partition function due to Feynmann, 36 ZϭTr͓exp͑Ϫ␤H ͔͒ϭ ͵ D͓Q͑ ͔͒exp͕ϪS E ͓Q͑ ͔͖͒,
where the path integral sums all the periodic paths of the system connecting points Q͑0͒ and Q͑␤͒ S E ͓Q͔͑͒ is the Euclidean action along the path,
and H is the classical Hamiltonian of the system. We are now required to look for the stationary points of the path integral ͑8͒; in so doing, we find trajectories that minimize the Euclidean action ͑9͒ and, thus, obey the classical equations of motion in the inverted potential ϪV with the set of periodic boundary conditions ͑ϩ␤͒ϭ͑͒. The nontrivial solutions to these equations have been characterized as instantons. In one dimension, such solutions were extensively studied by Langer, 37 Callan and Coleman, 38 and Polyakov. K͑␤ ͒ϰexp͑ ϪS ins ͒.
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The main feature of multidimensional instantons is that, unlike the well-known one-dimensional variants, the shape of the optimal trajectory changes with temperature. Expression ͑10͒ allows the determination of a transition state for incoherent tunneling as a point at the dividing line through which the instanton passes. Calculation of transition state geometries at different temperatures thus becomes an important goal. Then we can compare these results to evolution of the transition state with changing quantum number in the coherent problem described above. The semiclassically exact expression for K͑␤͒ additionally includes several factors.
5
͑1͒ A longitudinal prefactor, associated with the invariance of the instanton with respect to time shift. ͑2͒ A transverse prefactor, stemming from Gaussian fluctuations around the instanton trajectory and determining the width of the ''tunneling channel. '' 40 Note, that the rate constant should also be dependent on the spectral density of the coupling coefficients describing the interaction between the reaction complex and bath. 5 It is essential, however, that until the crossover temperature from Arrhenius activated to tunneling regimes is smaller than the Debye temperature, which is commonly the case, 5 this spectral function has no effect on the temperature behavior of the rate constant.
The numerical procedure for calculating the transverse prefactor, which, for three-dimensional problems depends on four stability parameters of the instanton trajectory, 5 is well developed. 7, 41, 42 Its inclusion into the expression for the rate constant becomes crucial when the stability parameters of instanton approach zero, signaling tunneling path bifurcation. This phenomena is normally due to the existence of two or more equivalent saddle points on the PES. 31 For the problem in question, however, the topology of the PES suggests no bifurcations of the instanton. Thus, all the information on the evolution of the transition-state geometry can be extracted from the instanton solution itself, contributing to K(b) according to Eq. ͑10͒.
The instanton path satisfies the Euler-Lagrange equations, which in spherical coordinates ͑R,,͒ read
with the following boundary conditions and the tunneling motion is two dimensional, being confined to the ͑R,͒ plane. The results of numerical integration of Eqs. ͑11͒ are shown in Fig. 5 . The instanton action ͑Fig. 5͒ achieves a low-temperature plateau below Tϭ70 K. The crossover temperature ␤ 0 at which the probability of an overbarrier transition equals that for underbarrier tunneling, equals 125 K. At this temperature, the instanton appears near the saddle point, so that
where is the imaginary frequency at the saddle point. Equation ͑12͒ reflects the fact that instanton period cannot be smaller than the period of oscillation in the inverted potential near the saddle point. The temperature evolution of tunneling trajectories in the ͑R,͒ plane is illustrated in Fig. 2 . For ␤Ͻ␤ 0 , the instanton ''sits'' at the saddle point with the action Sϭ␤V , and the Arrhenius dependence of the rate constant kϭexp͑Ϫ␤V ͒ holds. With decreasing temperature ␤Ͼ␤ 0 , the instanton gradually elongates and moves away from the MEP. The lower the temperature, the shorter the distance R in the T-shaped transition state of complex to the equilibrium position in the linear complex. Finally, we see that the temperature behavior of the transition state geometry for incoherent transitions is very similar to that for coherent tunneling described above. According to the well-known Herring's formula, 43 the tunneling splitting ⌬ can be expressed in the form of the integral of the probability flux ⌿⌬⌿* over the dividing line. As was shown by Schmid, 44 the underbarrier wave function of the ground state is determined by the action along the tunneling trajectory, starting from the potential minimum and coinciding with the instanton trajectory with infinite period ͑zero temperature͒. In this connection, one might expect that instanton with ␤→͑ϱ͒ should intersect the dividing line ϭ/2 in the vicinity of maximum of the ground state wave function. This is actually the case, as seen from the contour plot of the wave function in Fig. 6 . It is noteworthy that maxima of wave functions at the dividing line ϭ/2 for higher n levels as well as the instanton path for increasing temperature shift towards the saddle point in tandem. This behavior reflects the contribution of higher vibrational states to the statistically averaged tunneling rate constant.
VI. CONCLUSION
The complex H 2 F Ϫ is an illustrative example of a tunneling system for which no reduction procedure 5 is necessary to elucidate the tunneling dynamics. In this work, we start by calculating the three dimensional ab initio PES, we then fit our ab initio data to a reasonable and flexible functional form. Then, we determine the vibrational-rotation-tunneling spectra and analyze the wave functions of different vibrationally excited levels. This anion complex is especially attractive because the potential wells are rather deep, so the vibrational progressions are long and the variation of the tunneling splitting within such progressions can be easily followed. H 2 F Ϫ is thus distinct from, for example, malonaldehyde or the hydroxyoxalate anion, 5 in which the wells are so shallow that the vibrational progressions have only one or two levels below the barrier.
In our study of coherent ͑has-phase͒ tunneling, we found that the H 2 •••F Ϫ intermolecular vibration promotes tunneling, and that the tunneling splitting grows by a factor of 150 within the progression of this mode. Moreover, excitation of the bending mode by two quanta causes the splittings to grow by more than three orders of magnitude. This is due to the topology of the PES for H 2 F Ϫ5Ϫ8 which can be clarified by examining contributions from various tunneling paths. The optimal tunneling path can be thought of as involving a compromise between two factors, the length of path and the barrier height along the path. Since the barrier along for frozen R is 3.6 kcal/mol higher than the saddle point, the ''sudden'' path ϭ0 is highly improbable. At the same time, since the minimum-energy path ͑MEP͒ is significantly curved, the adiabatic limit, corresponding to an effective one-dimensional vibrationally adiabatic potential, cannot be achieved either. Hence, the most effective trajectories lie in the intermediate region between the adiabatic and ''sudden'' paths. With increasing quantum number in the mode, the extreme path becomes shorter and approaches the MEP. Because there is no reorganization along coordinate, this leads to an increase in the tunneling splitting.
Studying the spectra of states with total angular momentum Jϭ1, we found that although rotation of the complex as a whole shifts the vibrational ladders in the wells, it has almost no affect on the tunneling splittings. An influence appears only for the heavier isotopomers D 2 F Ϫ and T 2 F Ϫ , in which K doubling is comparable or greater in magnitude than the tunneling splitting.
Along with these studies of coherent tunneling in H 2 F Ϫ , we also calculated the probability of incoherent tunneling transitions using a model in which emphasis is placed on intermolecular vibration and tunneling rotation with coupling to the environment destroying the coherence. Within this model, we are able not only to follow the temperature dependence of the rate constant of tunneling in H 2 F Ϫ , but also to compare qualitatively the dynamics of the coherent and incoherent transitions.
The most valuable characteristic is shown to be the geometry of the transition state. It is found that the maxima of the wave functions at the dividing line shift towards the saddle point with increasing quantum number of the promoting mode in much the same fashion as the instanton trajectories approach the MEF with increasing temperature.
We hope that our work will lend impetus to experimental studies of the tunneling spectra of H 2 F Ϫ . Data from such studies would allow one to estimate the accuracy with which the PES is obtained and to determine how errors in the PES in the regions far from equilibrium affect the resulting tunneling spectra and dynamics.
